abstract: Sperm motility is necessary for the transport of male DNA to eggs in species with both external and internal fertilization.
Among these, Chlamydomonas flagella have been proved excellent materials for studying the molecular components of axonemes as well as the mechanism of ciliogenesis because several mutants demonstrating a lack of specific axonemal structures have been isolated (Luck, 1984; Kamiya, 1988) . Studies on Chlamydomonas mutants have become the basis for knowledge of the molecular architecture of sperm axonemes, although the proteins in the construction and regulation of each substructure differ from those in the sperm of metazoan species (Inaba, 2007) .
Chlamydomonas outer arm dynein is composed of 3 heavy chains (HCs; a, b and g; 500 kDa), 2 tryptophan-aspartic acid (WD)-repeat intermediate chains (IC1, IC2; 78 and 69 kDa) and 10 light chains (LC1-LC10; 22 -8 kDa) (Fig. 3 left; King, 2000; DiBella et al., 2005) . In contrast, Ciona outer arm dynein has only two HCs (Fig 3 middle) ; dynein HCs are members of the ATPase associated with diverse cellular activities (AAA) superfamily. They contain six AAA domains and exert force for microtubule sliding. The head rings of each HC are parallel to one another, stack on an A-tubule (Nicastro et al., 2006; Ishikawa et al., 2007) and appear to change configuration during ATP hydrolysis (Movassagh et al., 2010) . ICs and LCs are involved in the assembly and regulation of dyneins. In particular, LCs contain those functioning in the regulation of dynein through redox-poise (LC3 and LC5) and Ca 2+ (LC4) (King and Patel-King, 1995; Patel-King et al., 1996; Wakabayashi and King, 2006; Sakato et al., 2007; King, 2010) . The outer arms are arranged at 24-nm intervals on each doublet microtubule. This anchoring involves a structure called outer dynein arm-docking complex (ODA-DC) (Takada and Kamiya, 1994) . This complex is composed of three polypeptides: DC1, DC2 and DC3. DC1 and DC2 are coiled-coil proteins that likely serve in scaling regular intervals for dyneins (Koutoulis et al., 1997; Takada et al., 2002) , and DC3 is a Ca 2+ -binding protein with potential roles in the regulation of outer arm dynein (Casey et al., 2003) . Compared with outer arm dyneins, inner arm dyneins are more divergent. Chlamydomonas flagella contain at least seven subspecies (a -g) (Kagami et al., 1990) . The f inner arm dynein (also called I1) contains two HCs (1a and 1b), three ICs (IC140, IC138 and IC97) and five LCs (Tctex1, Tctex2b, LC7a, LC7b and an 8-kDa LC) (Piperno et al., 1990; Hendrickson et al., 2004; Bower et al., 2009; Wirschell et al., 2009) . A protein called flagellar-associated protein (FAP) 120 is associated with f dynein (Ikeda et al., 2009) (Fig. 3 right) . Other types of inner arm dynein contain a HC, actin and either centrin or p28 (Kamiya, 2002) . Subspecies d contains other 44-and 38-kDa components, which may function in the docking mechanism of dyneins on the outer doublet .
Radial spokes (RS) are structures that extend from the base of A-tubules to the CP apparatus. At least 23 polypeptides (8-210 kDa) compose RS, including several components for molecular assembly and Ca 2+ /calmodulin (CaM) or cyclic adenosine monophosphate (cAMP)-dependent intracellular signaling in Chlamydomonas flagella, such as CaM, CaM-binding protein, a protein with an A-kinase anchor protein (AKAP) domain PRS3 (RS protein 3), a protein with a nucleoside diphosphate kinase (NDK) domain and isoleucine-glutamine (IQ) motif, and a protein with a regulatory subunit (RII) alpha motif (Gaillard et al., 2001; Patel-King et al., 2004; Yang et al., 2004 Yang et al., , 2006 . In Chlamydomonas, each singlet microtubule in the CP is labeled C1 or C2 and possesses asymmetric projections (Wargo and Smith, 2003) . CPs contain at least 17 proteins, including CaM, CaM-binding protein primary ciliary dyskinesia protein 1, FAP221, AKAP-binding protein AAT-1 (FAP91), a protein with an adenylate kinase domain Cpc1, a Cpc1-binding protein (enolase), WD-repeat protein paralyzed flagella PF20, Ala/Pro-rich protein PF6, a kinesin-like protein 1, the hydrocephalusinducing gene product hydin and armadillo-repeat containing protein PF16 (Smith and Yang, 2004; Yokoyama et al., 2004; Zhang and Mitchell, 2004; Mitchell et al., 2005; Wargo et al., 2005; Dymek et al., 2006; Lechtreck and Witman, 2007; DiPetrillo and Smith, 2010) . The bindings between spoke CaM and central apparatus CaM-binding protein Figure 1 Differential interference contrast microscopic images of sperm from several species: sea urchin (H. pulcherrimus), tunicate (C. intestinalis), sea snail (Omphalius pfeifferi), sturgeon (Acipenser baerii), freshwater fish (Barbus barbus), puffer fish (Takifugu niphobles), mouse (Mus musculus) and human (Homo sapiens). All images are at the same magnification. Note that the size of the sperm heads appears to be correlated with genome size and that the thickness of flagella are larger in mammalian sperm. Bar: 20 mm.
Sperm flagella and between the protein with an AKAP domain RSP3 and central apparatus AKAP-binding protein AAT-1 might mediate RS/CP apparatus interaction.
Dynein regulatory complex (DRC) is a structure observed at the junction between RSs and inner arm dyneins (Huang et al., 1982; Piperno et al., 1992; Gardner et al., 1994) . DRC is believed to both anchor inner arm dynein and functionally connect outer and inner arms and RSs. From mutant pf2 and pf3, seven polypeptides (29 -192 kDa) have been identified as DRC components (Gardner et al., 1994) . Some of the components of DRC, such as a homolog of growth-arrest-specific gene product PF2, have been characterized (Rupp and Porter, 2003) . A protein from Trypanosoma brucei, CMF70, which is a homolog of a human sperm flagellar protein NYD-SP28, has an ortholog in Chlamydomonas and may be a component of DRC (Zheng et al., 2006; Kabututu et al., 2010) . Furthermore, interdoublet or nexin links are present as connective structures between each doublet microtubule and are thought to contribute to the elastic resistance involved in the conversion of microtubule sliding into axonemal bending. Recent cryoelectron tomography as well as previous thin section observation have demonstrated the relationship between DRC and nexin links and structures inside the doublet microtubules (Tam and Lefebvre, 2002; Nicastro et al., 2005 Nicastro et al., , 2006 Sui and Downing, 2006; Heuser et al., 2009). Marine invertebrate sperm: a model system for studying flagellar proteins and mechanisms of flagellar motility in metazoa Sperm from marine invertebrates have long been used to study the molecular structure of flagellar axonemes and flagellar motility Figure 2 Internal structure of sperm flagella. (A) Comparison of human sperm flagella and primitive sperm flagella. In human sperm, the axoneme is surrounded by ODFs, mitochondria, and plasma membrane, whereas in the principal piece, it is surrounded by ODF, a FS and a plasma membrane. In sperm from sea urchins, tunicates and teleosts, the axonemes are simply surrounded by a plasma membrane. (B) Substructures comprising flagellar axonemes. Axonemal structures are well conserved among invertebrates, lower vertebrates and mammals.
mechanisms (Shingyoji et al., 1977; Okuno and Brokaw, 1979; Kamimura and Kamiya, 1989; Gibbons, 1996; Ogawa and Mohri, 1996; Wood et al., 2005) . Although studies on the molecular structures of axonemes, including recent proteomic reports, demonstrate conservation of these axonemal components with those of Chlamydomonas flagella, several metazoa-specific features have also been clarified.
Outer arm dynein from metazoan sperm is composed of two HCs, whereas that from protists has three (Tang et al., 1982; Gatti et al., 1989; Inaba and Mohri, 1989; Mohri et al., 1999) . Phylogenetic comparison between Chlamydomonas, sea urchin and tunicate C. intestinalis have revealed that sea urchin b and Ciona a HCs, which appear to be primarily involved in microtubule sliding without rigor binding to the adjacent microtubule (Moss et al., 1992a) , correspond to Chlamydomonas a and b (Fig. 3) . Sea urchin a and Ciona b correspond to Chlamydomonas g, which is involved in rigor binding to microtubules (Moss et al., 1992b; Inaba, 2000 Inaba, , 2007 Mizuno et al., 2009) . The difference in the number of HCs in outer arm dynein is reflected in the appearance of the dynein arm in situ in the axoneme under an electron microscope (Mohri et al., 1999) .
Other differences between Chlamydomonas and sperm flagella are seen in the components and associated proteins of outer arm dynein. Sperm flagella contain a unique IC with domains of thioredoxin and NDK (TNDK-IC) Padma et al., 2001; Sadek et al., 2001) . In Chlamydomonas, thioredoxin domain is found in LC3 and LC5. NDK-related subunits have not been isolated from outer arm dynein in Chlamydomonas, but a flagellar protein p72 shows homology to three NDK domains similar to those in sea urchin and Ciona TNDK-IC (Patel- King et al., 2002) . In Ciona, salmonid fish, and mollusks, outer arm dynein contains two or three other ICs (Gatti et al., 1989; . Recently, these ICs have been shown to be coiled-coil proteins with sequence similarities to a subunit (DC2) of ODA-DC in Chlamydomonas (Hozumi et al., 2006) . A 66-kDa protein in Ciona sperm is also localized at outer arm dynein, and shows homology to DC2 (Ushimaru et al., 2006) . However, proteins with significant similarity to DC1 and DC3 have not yet been identified in Ciona sperm. Another protein called Ap58 appears to be involved in spaced anchoring of outer arm dynein to microtubules in sea urchin sperm flagella (Ogawa and Inaba, 2006 (Mizuno et al., 2009) . Proteomic analysis of Ciona RSs has identified several components similar to those in Chlamydomonas: leucine-rich repeat (LRR) protein LRR37, heat shock protein 40, RSP3, RSP4/6, RSP9, a membrane occupation and recognition nexus (MORN) repeat protein MORN40, and an armadillo repeat protein ARM37 (Padma et al., 2003; Satouh et al., 2005; Satouh and Inaba, 2009) . Two proteins are uniquely present in sperm flagella: one is named CMUB116, and contains three IQ motifs and an ubiquitin domain; the other is NDK/DPY26, which contains both an NDK domain and a DPY-30 domain (Satouh and Inaba, 2009) . No homolog of these two Ciona proteins is present in the Chlamydomonas genome. Considering the importance of outer arm dynein and RSs in axonemal motility, it appears rather more important to conserve the domain structures within substructures than to persist in orthologous molecular evolution. This phenomenon, called module-dominant conservation, explains that the conservation of protein domains seems to take precedence over that of entire proteins themselves, which may ultimately result in the morphological and functional conservation of axonemes through evolution (Inaba, 2007) .
A few components of the central apparatus in sperm flagella have been identified thus far: sperm-associated antigen (SPAG) 6 (PF16), SPAG16 (PF20), SPAG17 (PF6) and hydin Lechtreck et al., 2008; Lesich et al., 2010) . The central apparatus of sperm flagella shows little difference from that of Chlamydomonas. The distribution of the projections from C1 and C2 microtubules is the same, showing rather bilateral symmetry (Nicastro et al., 2005) , although regulation by Ca 2+ and cAMP has been conserved between protozoa cilia and flagella and metazoan sperm flagella. This conservation may be related to the fact that the CP in protozoan cilia and flagella rotates (Omoto and Kung, 1979; Hosokawa and Miki, 1987) but remains rather fixed to generate a planar waveform in metazoan sperm flagella. The swimming directions of Chlamydomonas and sperm are also reversed, which is a distinct characteristic of two groups that separated evolutionarily: bikonts and opisthokonts (Stechmann and Cavalier-Smith, 2002; . Sperm differentiate an acrosome at the anterior tip of the head for binding with and fusion the eggs at fertilization, whereas Chlamydomonas fertilizes at a specialized posterior region between two flagella. The acrosome is formed by the Golgi membrane network, which in Chlamydomonas works as a platform for intraflagellar transport (IFT) at the base of flagella. This positional difference might have generated the dissimilarity in the function of IFT during evolution and ultimately brought about the differences in the structure and function of the CP apparatus (see later text).
Sperm axonemes are surrounded by several accessory structures in mammals
In mammalian sperm flagella, ODFs and FS surround the axonemes. ODFs consist of nine fibers encompassing the axoneme in the midpiece, whereas FS is a structure lining the plasma membrane and surrounding the axoneme and ODFs (see Fig. 2 ). ODFs are attached to doublet microtubules of the axoneme throughout their lengths. ODFs are continuous to the connecting piece at the base of sperm flagella. The connecting piece anchors both the axoneme and ODFs to the sperm head, thus becoming a part as the basal body (Fawcett, 1975; Oko and Clermont, 1990 ). Although they vary among species, mammalian ODFs consist of at least 14 polypeptides with apparent molecular masses of 11-87 kDa (Oko, 1988; Vera et al., 1984) , including three major proteins: leucine zipper protein ODF1 (Morales et al., 1994) , ODF-interacting leucine zipper protein ODF2 (Shao et al., 1997) and 32-kDa coiled-coil protein ODF3 (previously named SHIPPO 1; Egydio de Carvalho et al., 2002) . Other ODF proteins and their associated proteins have also been characterized, such as a polyamine-modulated factor 1 binding protein (Petersen et al., 2002 ; called ODF3 in the original paper), the product of a germ cell-less like-2 gene (gcl-2) (Murayama et al., 2007) , kinesin LC3 as a binding partner of ODF1 (Bhullar et al., 2003) , voltage-dependent anion selective channels (VDAC; Hinsch et al., 2004) , SPAG4 (Shao et al., 1999) , SPAG5 (Shao et al., 2001) , CDK5 (Rosales et al., 2004) , tektin 2 (Shimasaki et al., 2010) , tektin 4 (Iida et al. 2006; Roy et al., 2007) and Spetex-1 . Tektins are believed to be structural flagellar proteins that confer stability to doublet microtubules (Nojima et al., 1995) . Tektin A, B and C were originally isolated from sea urchin sperm flagella (Linck and Stephens, 1987) . Tektin A1, B1 and C1 are related to mammalian tektin 4, 2 and 1, respectively (Amos, 2008) . Tektin 1 is found at the centrosome in round spermatids and is involved in flagella formation during spermiogenesis (Larsson et al., 2000) . Tektin 3 is one of the components associated with periaxonemal accessory structures (Cao et al., 2006; Roy et al., 2009) . Tektin 5 has been ultrastructurally localized to the inner surface of the mitochondrial sheath (Murayama et al., 2008) .
Several studies have demonstrated that the FS serves as a scaffold for both glycolytic enzymes and for signaling cascades mediated by tyrosine phosphorylations (Miki et al., 2002; Eddy, 2007) . Glycolytic enzymes associated with FS include glyceraldehyde 3-phosphate dehydrogenase, hexokinase 1, aldolase 1, lactate dehydrogenase A, triose phosphate isomerase, pyruvate kinase, lactate dehydrogenase-C, sorbitol dehydrogenase and ADP/ATP carrier protein 4 (Westhoff and Kamp, 1997; Mori et al., 1998; Travis et al., 1998; Welch et al., 2000; Krisfalusi et al., 2006; Kim et al., 2007) . Several signaling proteins localized in the FS have been identified, including cancer-testis antigen sperm protein 17 (Sp17), Ca 2+ -binding tyrosine phosphorylation regulated protein , AKAP3, AKAP4, testis AKAP-80, signaling molecules in the Rho pathway, rhophilin and ropporin, glutathione S-transferase family protein (mu 5) and fibrousheathin (Mei et al., 1997; Fujita et al., 2000; Turner et al., 2001; Naaby-Hansen et al., 2002; Eddy et al., 2003; Verdier et al., 2005; Li et al., 2010) . Both ODFs and FS are involved not only in the structural maintenance of flagellar elasticity but also play regulatory roles in flagellar motility (Fawcett, 1975; Si and Okuno, 1993) . Several lines of evidence imply that accessory structures in mammalian sperm flagella have been acquired for structural reinforcement of flagellum as well as for functional dispersion. This implication is supported by the fact that components are still detected in invertebrate sperm, although these structures are not observed therein. For example, Sp17, tektins and ODF3 (SHIPPO 1) are present in the sperm flagella of the ascidian C. intestinalis (Konno et al., 2010) . This clue may be a key to understanding the structural and functional origins of the acquisition of ODF and the FS as periaxonemal structures during evolution.
Antibodies against sperm: a strategy to identify axonemal components
Immunoscreening has been an effective strategy for isolating the complementary DNA encoding proteins important for fertilization. Several sperm antigens have been isolated using antiserum against whole sperm and autoantibodies, and have been named in different ways. These proteins were later given the Human Genome Organization-approved symbol SPAG. To date, SPAG6, SPAG16 and SPAG17 have been shown to be central apparatus proteins corresponding to Chlamydomonas PF16, PF20 and PF6, respectively Lesich et al., 2010) . SPAG2 (Diekman et al., 1998) , SPAG4 (Shao et al., 1999) and SPAG5 (Shao et al., 2001) have been identified as ODF or ODF-associated proteins. Others include a protein interacting with G-protein and activating extracellular-signal-related kinase (SPAG1) (Liu et al., 2006) , a sperm surface protein similar to c-Jun N-terminal kinase-interacting protein (SPAG9) (Jagadish et al., 2005) , a regulator of cAMP-responsive element modulator activator (SPAG8) (Wu et al., 2010) and products of genes showing several splice variants with sequences being similar to b-defensin (SPAG11) (Yenugu et al., 2006) . Furthermore, immunoscreening of the testis-complementary DNA library with antiserum against sperm axonemes has identified 76 axonemal proteins in C. intestinalis (Padma et al., 2003) . These include several novel axonemal proteins, such as a RS protein LRR37 (Padma et al., 2003) and heat shock protein 40 (Satouh et al., 2005) and the NCS protein calaxin (Mizuno et al., 2009) .
Human ciliopathy and knockout mice: insights into the mechanism of axonemal formation Some of the knowledge about the structural components and mechanism of sperm flagella formation have come from analyses of human ciliopathy and knockout mice. Primary ciliary dyskinesis (PCD) is characterized by defects in motile cilia, such as those in trachea and sperm. Owing to a common mechanism of ciliogenesis, PCD also affects primary cilia and causes a wide range of ciliopathy, including male infertility, polycystic kidney diseases, situs inversus, retinitis pigmentosa and hydrocephalus (Ibanez-Tallon et al., 2003) . Several human genes for axonemal proteins have been identified in PCD patients (Table 1) Several knockout mice have been obtained that show an abnormality in flagellar and ciliary motility owing to specific defects in axonemal structures (see Table 1 ). Examples are the integral component of the axoneme, such as Pacrg and hydin, both of which were originally identified as being related to Parkinson disease and hydrocephalus, respectively. The Parkin-co-regulated gene product, Pacrg, is an evolutionarily conserved axonemal protein that functions in the formation of outer doublet microtubules (Lorenzetti et al., 2004; Dawe et al., 2005; Ikeda et al., 2007) . C. reinhardtii hydin is a CP protein required for flagellar motility (Lechtreck and Witman, 2007; Lechtreck et al., 2008) . Knockout of other axonemal or periaxonemal components, including Dnahc7 (Neesen et al., 2001) , TCTE3 (Tctex2 LC of outer arm dynein) (Rashid et al., 2010) , Spag6 (Sapiro et al., 2002) , Spag16L , Odf2 (Tarnasky et al., 2010) and tektin 2 (Tanaka et al., 2004) , has been reported to result in defects in axonemal substructure and motility. Knockout mice lacking Jund1, a gene for Jun-D transcription factor, show disorganization of microtubules and lack of structures such as RSs and dynein arms (Thepot et al., 2000) . It is particularly intriguing that disruption of non-cytoskeletal components, such as Neur1, VDAC3 or Sepp1, results in defects or extrusion of specific outer doublets, implying that these genes are involved in the functional arrangement of the 9-fold outer doublet structure (Sampson et al., 2001; Vollrath et al., 2001; Olson et al., 2005 ; for further review, see Escalier, 2006; Yan, 2009) .
Axonemal tubulins undergo several types of post-translational modifications, including acetylation, detyrosination, phosphorylation, palmitoylation, glutamylation and glycylation (Huitorel et al., 2002; Westermann and Weber, 2003) . Recent research of the tubulin tyrosine ligase like (TTLL) family of proteins has revealed their significant role in the construction and regulation of axonemes. Knockout mice of a subunit of the tubulin polyglutamylase PGs1, which is now classified in TTLL1 (Janke et al., 2005) , are sterile owing to a lack of outer doublets or central microtubules (Campbell et al., 2004) . Knockout of TTLL1 (PGs3) results in a shortening of flagella and abnormalities in flagellar asymmetry (Ikegami et al., 2010) . Furthermore, either ATP/ GTP-binding protein 1 (Agtpbp1), also called as nervous system nuclear protein induced by axotomy (Nna1), is the gene causing Purkinje cell degeneration. The product of this gene turned out to be a zinc carboxypeptidase called CCP1 containing nuclear localization signals and an ATP/GTP-binding motif. Mutation of Agtpbp1/Nna1/ CCP1 causes male infertility with flagellar abnormality (Mullen et al., 1976; Fernandez-Gonzales et al., 2002) . A recent study has suggested that this abnormality is caused by the hyper-polyglutamylation of tubulin (Rogowski et al., 2010) .
Although the mechanism of axoneme formation has yet to be understood in detail, accumulating knowledge demonstrates several key processes for ciliary and flagellar formation. First, the forkhead box J1 and regulatory factor X family of transcription factors are important players in the control of ciliary gene expression (for review, see Thomas et al., 2010) . Second, IFT is a bidirectional movement driven by kinesin-II (anterograde) and cytoplasmic dynein (retrograde) to transport axonemal and membrane components for construction of cilia and flagella (for review, see Cole, 2003) . A defect in retinitis pigmentosa GTPase regulator (RPGR) as well as other X-linked retinitis pigmentosa defects lead to abnormality in axonemal structure (Hunter et al., 1988; Khanna et al., 2005) . RPGR has been shown to associate with a protein of IFT particles (IFT88), suggesting that it has a role in the IFT pathway (Khanna et al., 2005) . Furthermore, Lis1 is a WD-repeat protein that interacts with cytoplasmic dynein. Knockout of Lis1 causes defects in flagella formation (Pedersen et al., 2007) , which suggests that it, too, plays a role in IFT.
In mammals, IFT particle proteins are expressed in the testis and may be involved in the assembly of motile sperm flagella (Baker et al., 2003) . A mutation of IFT88 could lead to sperm with short or disorganized tails (Pazour et al., 2000) , which implies that IFT is necessary for the formation of sperm flagella. Drosophila mutants lacking a homolog of IFT88 produce normal sperm, however, although they have defective sensory cilia (Han et al., 2003; Sarpal et al., 2003) . The sperm phenotype of the IFT88 knockout mouse (Tg737) has not been reported; therefore, it is unknown whether the IFT seen in other ciliogenesis is needed for the formation of sperm flagella.
Another mechanism necessary for ciliogenesis is cytoplasmic assembly of axonemal components and vesicular trafficking of membrane proteins from the Golgi to the ciliary membrane. Some of the factors for the former mechanism, PF13/Ktu and PIH domain protein MOT48, have recently been characterized (Omran et al., 2008; Yamamoto et al., 2010) . p58 is a homolog of tektin B1 (tektin 2) (Yanagisawa and Kamiya, 2004) . c TTLL1 is a close homolog of Chlamydomonas CrTTLL9 (Kubo et al., 2010) .
Kaufman syndrome (MKKS) (Gerdes et al., 2007; Nachury et al., 2007; Lechtreck et al., 2009) . Eight BBS proteins form a complex called BBSome. Disruptions of BBS or MKKS genes cause several diseases, including male infertility owing to the failure of sperm to form flagella (Mykytyn et al., 2004; Nishimura et al., 2005; Davis et al., 2007; Lechtreck et al., 2009 ).
Established and proposed mechanism for flagellar motility
The sliding of outer doublet microtubules by axonemal dyneins through a mechanochemical cycle of ATP hydrolysis is undoubtedly the driving force for the flagellar motility of sperm (Satir, 1968; Summers and Gibbons, 1971; Brokaw, 1972; Shingyoji et al., 1977) . Microtubule sliding is converted into the bending of axonemes if resistance to the sliding is present (Shingyoji et al., 1977) . This resistance is present at the base of flagellum and between each bend. The bend is propagated from the base to the tip of the flagellum. The mechanism of dynein regulation and the propagation of microtubule sliding and its conversion into bending have been among the foremost research topics in this field. Several theoretical models have tried to explain the mechanism of bend formation and propagation (for review, see Lindemann, 2004; Ishijima, 2007; Brokaw, 2009; Woolley, 2010) . Dyneins are minus-ended motors that move adjacent microtubules to the tip of the flagellum (the plus end of the microtubules). Flagellar bending is caused by the sliding of doublet microtubules, and the extent of bending correlates with the velocity of microtubule sliding (Brokaw, 1972 (Brokaw, , 1991 . The flagellar waveform is composed of a bend with a larger angle (principal bend) and a bend with a smaller angle (reverse bend; Brokaw, 1979) . To achieve oscillation of flagellar bending, the sliding of specific microtubules and its displacement during the reverse direction of sliding are considered necessary. In another words, dyneins on one side must be active while those on the other side are inactive to bend the axoneme (Fig. 4) . Although the mechanism that switches dynein activity is incompletely understood, previous studies have suggested that the mechanical feedback from flagellar bending is important for the oscillatory movement. Flagellar bending imposed by a microneedle increases microtubulesliding velocity and switching of dynein activity, supporting the hypothesis that bending is involved in the force feedback and self-regulatory mechanisms underlying flagellar oscillation (Morita and Shingyoji, 2004) .
Axonemes have two dynein motors with different properties: outer arm and inner arm. Several studies, including those of Chlamydomonas mutants and the outer-arm extracted sea urchin sperm, indicate that outer or inner arm dyneins are involved in the elevation of microtubule sliding velocity (increasing beat frequency) and formation and propagation of flagellar bending, respectively (Gibbons and Gibbons, 1973; Brokaw and Kamiya, 1987) . Several dynein subspecies, especially inner arm dyneins, have different microtubule sliding properties (Kagami and Kamiya, 1992) . These dyneins are believed to be coordinated with each other in the axonemes in collaboration with the RS/ CP apparatus system. Structural and functional interactions of inner arm dynein and the RS/CP apparatus system with outer arm dynein are implicated (Heuser et al., 2009) .
The central apparatus plays an important role in flagellar motility as evidenced by the paralysis of Chlamydomonas mutants with defective central apparatus structure. Flagellar bending of these mutants has been experimentally induced (Frey et al., 1997; Wakabayashi et al., 1997) , suggesting that the central apparatus and RSs are not critically involved in bending. Eel and Asian horseshoe crab sperm show helical movement with 9 + 0 axonemal structures (Gibbons et al., 1985; Ishijima et al., 1988) . Antibodies against RSs caused a loss of planar bend movement and the development of helical movement (Gingras et al., 1998) . These observations suggest that the central apparatus is involved in determining the bending plane. Studies on Chlamydomonas flagella have shown that signals from the central apparatus activate specific dyneins for local bending (Smith and Sale, 1992; Smith and Yang, 2004) . The f (I1) inner arm dynein is regulated by phosphorylation/dephosphorylation of a 138-kDa IC through a kinase/phosphatase system are regulated by signals of the RS/CP apparatus (blue), resulting in the formation of a planar wave. The axonemes are fixed at the basal body near the sperm head. The base or tip of the flagellum points toward the minus or plus end of doublet microtubules, respectively. Dyneins are minus-ended motors (red and pink arrows), sliding adjacent microtubules to the plus end (black and gray arrows). The bending provides feedback and switches active dyneins, resulting in the sliding of opposite microtubules across the bend. Sperm flagella present in the RS and central apparatus (Habermacher and Sale, 1997; King and Dutcher, 1997) . Biochemical and proteomic studies also show that RSs and the central apparatus contain several components for cAMP-and Ca 2+ -mediated cell signaling (Yang et al., 2001; Patel-King et al., 2002 Yang et al., 2006; Satouh and Inaba, 2009; DiPetrillo and Smith, 2010) .
Regulatory mechanism of axonemal motility is important for fertilization
The activation of sperm motility is observed at fertilization in most animals. This process involves the reception of an activating stimulus, such as changes in ionic conditions or specific substances from eggs or the genital tract, followed by signaling conducted by a second messenger such as cAMP, cGMP or Ca 2+ , and finally axonemal movement through activation of axonemal dyneins by protein phosphorylation or dephosphorylation (Morisawa, 1994; Inaba, 2003; Cosson et al., 2008; Darszon et al., 2008; Chang and Suarez, 2010) . Several proteins have been described in this signaling pathway, and recent proteomic research indicates that multiple proteins are involved in the signaling and activation of axonemes (Ficarro et al., 2003; Hozumi et al., 2008) . The mechanism of dynein activation has not been fully elucidated, but the phosphorylation of the Tctex-2-related LC of outer arm dynein and the dephosphorylation of an IC of inner arm dynein appears to be a prerequisite for the activation of outer or inner arm dynein, respectively (Inaba et al., 1998 Nomura et al., 2000; Hozumi et al., 2008) . Furthermore, proteins in other axonemal structures, such as a radia spoke protein LRR37, may be modified upon activation of sperm motility (Hozumi et al., 2008) . Ca 2+ is an important intracellular factor regulating the flagellar waveform, as described earlier. At fertilization, transient changes in intracellular Ca 2+ concentration in response to the gradient of chemoattractant are necessary for momentary changes of flagellar wave asymmetry (Kaupp et al., 2008; Shiba et al., 2008; Guerrero et al., 2010) . One study has proposed that flagellar asymmetry is produced by the inhibition of reverse bend (Brokaw, 1979) . To know the mechanism of the changes in flagellar waveforms, it is important to reveal the mechanism for the Ca 2+ -dependent inhibition of the sliding of the microtubule in the reverse bend. The possibility of Ca 2+ -dependent inhibition of the sliding is supported by a direct observation of a Ca 2+ -dependent decrease in microtubule sliding and electron microscopic observation of the positions of sliding microtubules in axonemes (Sale, 1986; Bannai et al., 2000; Nakano et al., 2003) . Flagellar wave asymmetry appears to involve both the switching of the dyneins on specific microtubules by a signal from the RS/CP system and Ca 2+ -dependent regulation of dyneins. Although several Ca 2+ -and CaM-binding proteins have been identified in Chlamydomonas flagella, little is known about these in sperm flagella. Recently, an NCS family protein named calaxin was isolated from Ciona sperm (Mizuno et al., 2009) . Calaxin binds to an HC of outer arm dynein and tubulin in a Ca 2+ -dependent manner;
hence, it is a strong candidate for a regulatory protein affecting flagellar asymmetry during sperm chemotaxis.
